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Abstract
Prolonged maternal deprivation during early infancy increases basal- and stress-induced
corticosterone (CORT) levels, but the underlying mechanism is not clear. In general, stressors
activate the hypothalamic-pituitary-adrenal (HPA) axis, with secretion and compensatory
synthesis of hypothalamic corticotropin-releasing hormone (CRH). In the infant rat, we have
demonstrated that maximally tolerated acute cold stress induced a robust elevation of plasma
CORT throughout the first 2 postnatal weeks. However CRH messenger RNA (CRH-mRNA)
abundance 4 h subsequent to cold stress was enhanced only in rats aged 9 days or older. This
suggests a developmental regulation of the CRH component of the HPA-response to this stressor.
The present study examined whether increased basal and cold stress-induced CORT levels after 24
h of maternal deprivation were due to enhanced CRH-mRNA abundance in the hypothalamic
paraventricular nucleus (PVN). CRH-mRNA abundance, and basal- and cold-induced plasma
CORT levels were measured in maternally deprived 6 and 9-day-old pups compared to non-
deprived controls. Maternal deprivation increased basal and cold-induced CORT levels on both 6
and 9-day-old rats. CRH-mRNA abundance in the PVN of deprived rats did not differ from that in
non-deprived rats. Our results indicate that the enhanced basal and stress-induced plasma CORT
observed after 24 h maternal deprivation is not due to increased CRH-mRNA abundance in the
PVN.
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Mechanisms of the activation of the hormonal stress response in the immature rat are not
fully understood [7,10,14,18]. In the mature animal, a variety of stressors induce secretion of
corticotropin-releasing hormone (CRH) from the hypothalamic paraventricular nucleus
(PVN) causing ACTH release from the pituitary and increasing plasma glucocorticoids
(GCs). This is followed by a ‘compensatory’ increase in CRH-mRNA abundance in the
hypothalamic PVN [7,10,21]. We have established that CRH-mRNA abundance in the PVN
does not increase subsequent to maximal tolerated acute-cold stress in rats aged 4 or 6 days,
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despite robust elevation in plasma GCs [19,21]. The onset of stress-induced increase of
steady state CRH-mRNA abundance occurs on postnatal day (PND) 9 [21].
The infant hypothalamic-pituitary-adrenal (HPA) axis is under maternal regulation
[6,9,13,16,17]. Prolonged, 24 h maternal deprivation has been found to increase basal
plasma corticosterone (CORT) levels and to enhance HPA axis responsiveness to further
stressors [6,9,16]. Shorter periods of maternal deprivation (1, 2, 4, and 8 h) have been shown
to have only a minimal effect on basal CORT levels and the response to acute stress [9,16].
The mechanisms underlying increased basal and cold-induced plasma CORT subsequent to
maternal deprivation have not been elucidated. The purpose of this study was to examine
whether the enhanced basal HPA tone and the altered response of plasma CORT to acute
stress observed after 24 h maternal deprivation were due to increased hypothalamic CRH-
mRNA abundance.
Time pregnant Sprague–Dawley rats were purchased from Zivic-Miller (Zelienople, PA)
and kept on a 12 h light/dark cycle with access to unlimited lab chow and water [4,21]. Day
of birth was considered day 0, and litters were culled to 12 pups, and mixed and matched.
Experiments were started at 0830–0930 h, to avoid diurnal variability in CRH-mRNA [20]
and plasma CORT levels [5,19].
Maternal deprivation was carried out as follows. Pups on PND 5 or 8 were divided to 3
groups: (1) individual maternal deprivation (I-DEP) pups were placed individually in
divided plastic cages; (2) maternal deprivation as a group (G-DEP) pups were kept with
their littermates; (3) non-deprived (N-DEP) rats were left in home cages. During the 24 h
deprivation period, cages were placed on a heating pad (30–33°C) under a 12 h light/dark
cycle. Pups were weighed as a group before and after deprivation.
Groups of maternally deprived and of control rats were subjected to acute-cold-separation
stress (on PND 6 or 9), as previously described [21]. Briefly, pups (except ‘time 0’ and
controls) were separated from their mothers and placed individually in glass jars in a cold
room (4°C) for 25–30 min on PND 6, and 40 min on PND 9. After re-warming on a heating
pad, groups of pups (n = 6–12) were sacrificed 30, 60, 150 or 240 min subsequent to cold
stress termination. Controls and ‘time 0’ rats were decapitated within 45 s of disturbance.
Brains and trunk blood were collected.
Brains were rapidly frozen on powdered dry ice and stored at −80°C. They were cut into 20
μm coronal sections in a cryostat and mounted on gelatin-coated slides. Preparation and
labeling of oligonucleotide probes and ISH have been described [1,3,4,21,22]. Briefly,
sections were brought to room temperature, air-dried and fixed for 20 min in fresh 4%
buffered PBS-paraformaldehyde. After a graded ethanol treatment, sections were exposed to
acetic anhydride-triethanolamine and dehydrated through 100% ethanol. Sections were
prehybridized for 1 h, then hybridized for 20 h at 40°C in a humidity chamber. Sections
were washed (2× SSC for 15 min 4 times at 40°C, 1×, and 0.3× SSC for 30 min each at
room temperature). Sections were dehydrated through ethanol, air dried and apposed to film
(Hyperfilm B-Max, Amersham, IL ) for 24–48 h [3,4]. Quantitative analysis of CRH-mRNA
was achieved using the MCID software image analysis system (Imaging Research, Ont.,
Canada) as described [4,21,22]. Each point was derived from 6–12 sections from a
minimum of 4 individual rats. To eliminate background variability with age, both OD ratios
of PVN/background and absolute brain-paste standardized values were obtained [4,21,22].
Statistical significance between groups was determined using two-way analysis of variance,
followed by Duncan’s multiple range test.
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Plasma CORT levels were determined by a commercial radioimmunoassay (ICN, Irvine,
CA). Assay sensitivity was 0.5 μg/dl. Interassay variability was determined by two dilutions
of adult rat plasma and averaged 15% [2].
Maternal deprivation for 24 h resulted in significantly higher basal (AM) plasma CORT
levels (Figs. 1,2). On PND 6, basal plasma CORT level in the combined maternally deprived
groups (G-DEP + I-DEP) was 2.9 ± 0.3 μg/dl compared with 1.6 ± 0.2 μg/dl of the non-
deprived (N-DEP) group (P < 0.05). Plasma CORT was significantly higher in group-
deprived rats than in individually deprived rats (3.5 ± 0.3 μg/dl versus 2.2 ±0.3, P < 0.05;
Fig. 1). On PND 9, basal plasma CORT in the maternally deprived groups (G-DEP + I-DEP)
was 6.8 ± 1.1 μg/dl compared with 2.0 ± 0.2 μg/dl in the non-deprived group (P <0.05; Fig.
2). Evaluated separately, both G-DEP plasma CORT levels (7.5 ± 1.0 μg/dl) and I-DEP
plasma CORT levels (6.1 ± 1.1 μg/dl), were significantly higher than those of the N-DEP
group (2.0 ±0.2 μg/dl, P < 0.05). Maximally tolerated acute cold stress induced a more
robust and prolonged elevation of plasma CORT levels in deprived rats compared to non-
deprived controls (Figs. 1,2). On PND 6, peak plasma CORT level was 11.2 ± 1.2 μg/dl in
G-DEP rats, and 10.1 ± 1.4μg/dl in I-DEP rats, both significantly higher than N-DEP rats
(7.6 ± 0.4 μg/dl, P<0.05; Fig. 1). On PND 9, peak plasma CORT was 19.4 ± 1.2 μg/dl in G-
DEP rats, 13.9 ± 1.3 μg/dl in I-DEP rats, and 6.1 ± 0.6 μg/dl in N-DEP rats (P < 0.05, G-
DEP or I-DEP versus N-DEP group, and G-DEP versus I-DEP; Fig. 2). The same pattern
was observed 4h after cold stress (15.0 ± 1.7 μg/dl, 6.2 ± 1.1 μg/dl and 2.8 ±0.4 μg/dl for
G-DEP, I-DEP and N-DEP, respectively).
CRH-mRNA abundance in PVN, measured in arbitrary units, in G-DEP, I-DEP and N-DEP,
is shown in Fig. 3. As is evident from the figure, CRH-mRNA levels were similar in
maternally deprived and non-deprived rats on PND 9 (P > 0.05).
On both PND 6 and PND 9, group-deprived rats lost 4.5–5.8% of their body weight, while
individually deprived pups lost 5.3–6.0% (P > 0.05).
These results indicate that 24 h maternal and sibling deprivation during early infancy was a
major stressor resulting in significant alteration of the HPA axis in the infant rat. Maternal
deprivation affected ‘basal’ HPA tone resulting in a significant increase in AM plasma
CORT levels on both PND 6 and 9. This is in accord with reports by Stanton et al. [16],
Levine et al. [9] and Kuhn et al. [6]. Maternal deprivation also enhanced the responsiveness
of the HPA axis to further stressors. Stanton [16] and Levine [9] reported an enhanced
plasma CORT elevation subsequent to saline injection or novelty in maternally deprived
rats. We demonstrated enhancement of both peak and duration of plasma CORT, using acute
cold-separation stress [21]. Peak plasma CORT level subsequent to acute maximally
tolerated cold stress in maternally deprived rats represented an increase of 150% on PND 6,
and 200–300% on PND 9. Cold is not a strong stressor in the adult [7,10]. However,
immature thermoregulation [15] and the absence of fur makes cold exposure a powerful
stressor in the infant rat [21].
We distinguished between individually deprived rats (I-DEP), deprived from both mother
and siblings, and group-deprived rats (G-DEP) deprived from their mother but kept with
their littermates. Using this paradigm, maternal deprivation alone resulted in an increased
basal and acute stress-induced plasma CORT level compared to maternal and sibling
deprivation. This was not associated with excess weight loss in either group (see above),
excluding thermal-loss as the cause of the enhanced stress response.
What mechanisms [8,9,12–14,19] mediated the increased basal and cold-induced plasma
CORT subsequent to maternal deprivation? An increase of basal plasma CORT and PVN-
CRH-mRNA abundance in adult rats subjected to maternal separation in infancy has been
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reported [16]. The same authors also found an enhanced CORT elevation and greater release
of CRH in response to acute restraint stress in these adults, maternally deprived as infants.
This is consistent with a long-term alteration of steady state PVN-CRH-mRNA abundance
by maternal deprivation.
In this study, we found no alteration of steady state CRH-mRNA abundance in the
hypothalamic PVN by maternal deprivation. However, we used a somewhat different
paradigm, and examined for acute changes in CRH-mRNA, as opposed to long-term effects
persisting to adulthood [16].
CORT upregulation after 24 h maternal deprivation without alteration of PVN-CRH-mRNA
levels, suggests the involvement of other ACTH secretagogues. The role of hypothalamic
arginine vasopressin (AVP) in the neonatal stress response has been demonstrated by Muret
et al. [23]. These authors showed that both on PND 8 and 20, passive immunization against
AVP abolished ACTH secretion after insulin-induced hypoglycemia, while no change was
observed after passive immunization against CRH [23]. Widmaier [24] suggested that
hypoglycemia-induced plasma ACTH elevation in 8 and 11-day-old rats was independent of
CRH, since the stressor did not alter hypothalamic CRH in vitro. Interaction of AVP and
CRH in regulating the neonatal stress response was documented by Paulmyer-Lacroix et al.
[25]. They demonstrated increased CRH synthesis with hypoglycemia only in an AVP
positive subset of parvocellular neurons. Our analysis, also using ISH, did not distinguish
between AVP positive and negative neurons.
An alternative mechanism may derive from alterations in CRH receptors: Recently, maternal
deprivation has been shown to increase CRH-receptor abundance in certain limbic structures
[11]. Enhancement of receptor number or synthesis could induce elevated basal and acute
stress-induced plasma CORT in the absence of altered PVN-CRH-mRNA abundance.
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Time course of basal and cold stress-induced plasma corticosterone in 24 h maternally
deprived 6-day-old rats. *Basal CORT was significantly elevated in individually deprived
(I-DEP) and group-deprived rats (G-DEP) compared with non-deprived controls (N-DEP),
P<0.05. **Basal CORT was significantly elevated in G-DEP compared with 1-DEP rats.
Cold stress-induced peak plasma corticosterone was significantly higher in I-DEP or G-DEP
versus N-DEP rats, (P < 0.05). Values represent the mean ± SEM of 6–8 rats per group.
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Time course of basal and cold stress-induced plasma corticosterone in 24 h maternally
deprived 9-day-old rats. Basal CORT was significantly elevated in individually deprived rats
(I-DEP) and group-deprived rats (G-DEP), compared with non-deprived controls (N-DEP).
Evaluated separately, both G-DEP and I-DEP plasma corticosterone levels were
significantly higher than those of the N-DEP group. Cold stress-induced peak plasma
corticosterone was significantly higher and more sustained in G-DEP or I-DEP versus N-
DEP rats and G-DEP versus I-DEP rats. Values are the mean ± SEM of 6–8 rats per group.
*Significantly different from N-DEP (P < 0.05); +Significantly different from I-DEP (P <
0.05).
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Steady-state CRH messenger RNA abundance in the paraventricular nucleus of 9-day-old
rats. Groups were: individually deprived (I-DEP); group-deprived (G-DEP); and controls
(N-DEP). Differences among groups were not statistically significant (P > 0.05). Values are
expressed in arbitrary units and presented as mean ± SEM of 6–12 sections from a minimum
4 rats.
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